ABSTRACT: Laser-coupled microphotoreactors were developed to bubble singlet oxygen [ 1 O 2 ( 1 Δ g )] into an aqueous solution containing an oxidizable compound. The reactors consisted of custom-modified SMA fiberoptic receptacles loaded with 150 μm silicon phthalocyanine glass sensitizer particles, where the particles were isolated from direct contact with water by a membrane adhesively bonded to the bottom of each device. A tube fed O 2 gas to the reactor chambers. In the presence of O 2 , singlet oxygen was generated by illuminating the sensitizer particles with 669 nm light from an optical fiber coupled to the top of the reactor. The generated 
■ INTRODUCTION
Our interest in developing a singlet oxygen [ 1 O 2 ( 1 Δ g )]-sparging reactor came from small-scale devices for disinfection of, for example, municipal and well water, but which used filtration, ozone, and/or UV light. 1, 2 Low-cost water purification inventions that use visible light to generate 1 O 2 could be advantageous over ozone by using photocatalysts with high turnovers and over four decades of study of organic photooxidation product formation. 3, 4 Photophysical information has been generated using visible light for the photosensitized disinfection of water samples or stagnating wounds, 5−8 but thus far, it is difficult to translate this information to handheld devices to deliver 1 O 2 as a biological toxin via bubbles at the gas−liquid interface. We 9−12 and others 13 have reported the 1 O 2 production from hollow-tube configured devices. Our previous results established a singlet oxygen sensitization process with silica endcapped hollow-core fiber optic devices, utilizing the released 1 O 2 for Escherichia coli inactivation 10 in a slow sparging system (9 ppm/h O 2 ). Eisenberg et al. 13 reported on a Pyrex tube bound Rose Bengal photosensitizer, surrounded by lamps, rapidly flowing 3 O 2 , 1 O 2 , and N 2 (30 L/min) in a gas−solid system. But unlike these previous systems, our desire was to produce singlet oxygen in a device that does not expose the photosensitizer to the water being purified. Since sensitizer molecules themselves may pose health risks, a means to isolate the sensitizer molecules from water was desired for water purification and/or applications where the device would come in contact with bodily fluids (e.g., surgery for cleansing and disinfecting wounds 8 ). One approach to increase the rate of singlet oxygen production is using chemical oxygen−iodine lasers (COIL). 14 These can produce gaseous 1 O 2 bubbles up to supersonic speeds. COIL is not catalytic, but the ratio of 1 O 2 to total oxygen concentrations is high, 30−50%, based on 2,5-dimethylfuran trapping studies. 15 However, this approach is problematic, as alkaline perhydroxyl ion (HO 2 − ) and chlorine gas are required in high concentrations, several moles per liter of the former, and a few kilopascals pressure of the latter forming HCl as a byproduct.
As part of an ongoing study of handheld singlet oxygen 1 O 2 -generating devices, 9−12 we report here on a 1 O 2 sparging device which used photosensitized phthalocyanine particles isolated from bulk water by a hydrophobic microporous membrane. Figure 1 shows a cross-sectional schematic image of the device (3 versions of which were constructed). Singlet oxygen was generated in the photoreactor and flowed through the membrane into the surrounding aqueous solution where it was detected, trapped, and analyzed. The sensitizer particles remain dry as the capillary pressure resulting from the submicrometer pores prevents water from diffusing through the membrane. Specifically, this paper describes (1) the use of Si phthalocyanine, axially functionalized via a sol−gel process as a heterogeneous photosensitizer; (2) device construction including membrane selection and attachment to a flexible optical fiber; (3) performance of the device to photooxidize probe compounds in water and the effects of bubble sizes; and (4) a proposed gas−liquid photooxidation mechanism via O 2 bubbles with mass transfer limitations.
■ EXPERIMENTAL SECTION
Reagents, Materials, and Instrumentation. Silicon phthalocyanine dichloride (SiPcCl 2 ), 3-aminopropyltriethoxysilane (ATPS), 3-glycidyloxypropyl-trimethoxysilane (GPTMS), 9,10-anthracene dipropionic acid, trans-2-methyl-2-pentenoic acid, N-benzoyl-D,L-methionine, N-acetyl-D,L-methionine, sodium hydroxide, hydrochloric acid, ethanol, methanol, deuterium oxide-d 2 , and chloroform-d 1 were purchased from Sigma Aldrich (Allentown, PA). Deionized water was purified using a U.S. Filter Corporation deionization system (Vineland, NJ). All of the above materials and chemicals were used as received without further purification. The membranes were manufactured from ultrahigh molecular weight polyethylene (UHMWPE) and are composed of fibrils linked together to form a membrane of interpenetrating pores with a nominal pore area of 85% for each membrane (Millipore SureVent UPE Membranes, Billerica, MA). For the D 2 O samples, proton NMR spectra were recorded at 400 MHz on Bruker DPX400 instrument. UV−vis spectra were collected on a Hitachi UV−vis U-2001 spectrophotometer.
Synthesis. The addition of SiPcCl 2 (5.1 × 10 −4 M) to APTS (0.178 M) was conducted with stirring for 50 h at 120°C, yielding an SiPc-APTS complex. The addition of GPTMS to the SiPc-APTS complex was carried out in acidic aqueous ethanol at 60°C for 1 h; the temperature was then adjusted to 25°C for 72 h, followed by drying at 50°C for 10 h. The concentration of Pc within the gel corresponded to ∼5.2 × 10 −6 M based on UV−vis spectroscopy. Devices and Procedure for Photooxidations. Optical energy was delivered from a CW diode laser (669 nm output, 506 mW, model 7404, Intense Ltd., North Brunswick, NJ, USA) or a Minilase 10 Hz Nd:YAG Q-switched laser (355 nm, ∼4 ns fwhm, 1−3 mJ/pulse, New Wave Research, Fremont, CA) into a stainless steel multimode FT-400-EMT optical fiber with an SMA 905 connector (numerical aperture 0.39; 0.4 μm core diameter × 3 ft length, Thorlabs, Newton NJ). Ground Pc sensitizer particles were placed into the SMA receptacle chambers. The diode laser was used for the steady-state experiments with 2−5 (0.05 to 40 mM). The Nd:YAG laser was used for the lifetime measurements of singlet oxygen; it was connected to the optical fiber via a free-space PAF-SMA-5-A fiber port applicator (f = 4.6 mm). All experiments were conducted with the devices placed into 3.0 mL solutions of H 2 O or D 2 O and oxygen flowed through the devices and into the solutions during the irradiation of the samples. An H10330A-45 photomultiplier tube (Hamamatsu Corp., Hamamatsu City, Japan) was used operating at −650 V. In front of the A10449 mechanical shutter of the detector was placed either a 25-mm-diameter, 1150 nm long pass filter (FEL1150, Thorlabs Inc.) or one of three 25-mmdiameter NIR bandpass filters centered at 1220, 1270, and 1315 nm (OD4 blocking, fwhm = 15 nm, Omega, Brattleboro, VT). In D 2 O, the 1 O 2 luminescence intensity was measured to be 0.078 with the 1150 nm long pass filter, and 0.005, 0.08, and ∼0 mV with the 1220, 1270, and 1315 nm bandpass filters, respectively; subtractions of the signals was not performed. Singlet oxygen was monitored based on the spectra consisting of ∼1 million data points registered on a 600 MHz 62MXs-B oscilloscope (LeCroy, Chestnut Ridge, NY). The singlet oxygen decay lifetime was determined by nonlinear least-squares curve-fitting with the equation: luminescence 1270 
], where 1/k obs = τ( 1 O 2 ) lifetime. The data processing was performed with Microsoft Excel (v 12.3.1). The radiant power of the 355 nm and 669 nm light exiting the fiber or devices 1−3 was measured with a Newport power meter model 1918-C. Some of the laser light encountered the bubbles and was scattered. The bonded membranes were susceptible to aging after prolonged exposure times (e.g., >100 h with device 1 loaded with 35 mg sensitizer particles) and led to increased membrane elasticity and increased laser power output measured outside of the membrane by ∼10% from 0.098 to 0.11. Careful inspection of the water samples after photolysis showed that no sensitizer particles had escaped the device so that the observed photooxidation could not be due to sensitizer particles within the water. Gas flowed from a compressed oxygen gas tank through a regulator, and subsequently a mass flow controller (GFC-17, Aalborg, Orangeburg, NY). The concentration of O 2 in water was measured with a pO 2 Sens-Ion6 oxygen electrode (Hach Co., Loveland, CO).
■ RESULTS AND DISCUSSION
Photosensitizer Synthesis. It was desirable to use a heterogeneous sensitizer with a strong absorption in the 670 nm region to match the 669 nm output of our diode laser. Si phthalocyanine (Pc) was selected because it possessed a strong absorption in the red spectral region (extinction coefficients >10 5 M −1 cm −1 ), and the 1 O 2 quantum yield (Φ Δ ) was reported to be ∼0.2.
16,17
Composite (Pc 1) was prepared by a sol−gel process using a previously described procedure except with relatively low concentrations of Pc. 18 Silicon Pc dichloride (SiPcCl 2 ) reacted with 3-aminopropyltriethoxysilane [(NH 2 (CH 2 ) 3 Si(OC 2 H 5 ) 3 , APTS] in a 1:350 molar ratio at 120°C producing SiPc [NH(CH 2 ) 3 Si(OC 2 H 5 ) 3 ] 2 , which reacted with 3-glycidyloxypropyl-trimethoxysilane (GPTMS) to produce Pc 1, which contained an assortment of bonds cross-linked, such as Si−O− Si bonds from condensation, and polyether chains and dioxane rings via epoxide ring-opening reactions. 19 Drying of the composite was done at 50°C for 10 h to avoid destruction of the confined phthalocyanine molecules, producing an aerogel that shrunk ∼10% where some, but not all adsorbed water was removed. Complete dehydration occurs between 100 and 180°C. 20 Low final Pc concentrations in the glass (∼5.2 × 10 −6 M) were targeted because dye overloading or crowding can lower 1 O 2 yields. 21, 22 Pc 1 was ground and sieved to obtain 150 ± 30 μm sized particles. The surface area of each 150 μm Pc 1 sensitizer particle was approximately 0.06971 mm 2 , based on the calculations of Skidmore and Powers, 23 assuming a spherical nonporous surface. Spectroscopically, Pc 1 contained the desired 670 nm Q-band for overlap with the diode laser excitation wavelength and the lack of a red-shifted absorption expected of monomeric Pc in the glassy matrix. At the top is the optical fiber leading from the diode laser, and at the left is the O 2 feed tube, connected to an oxygen gas tank. The lower part of the device, which contains a chamber for stockpiled silicon phthalocyanine sensitizer particles, was sealed with a microporous membrane.
Device Construction. Devices were constructed to isolate the solid Pc 1 sensitizer particles from the surrounding water solution with an "internal" supply of light and flowing O 2 . A chamber within each device functioned as a reactor for the sensitizer particles, light, and O 2 , to generate 1 O 2 . Figure S4 (Supporting Information) shows the loading of device 2 with sensitizer particles, as well as the three devices without the optical fibers attached. Each device was fabricated from a chrome-plated brass SMA receptacle with a SMA connector at one end of a cylindrical chamber (Amphenol). The dimensions of the chamber, and other device details, are listed in Table S1 (Supporting Information). Because device 3 was larger, the mg of Pc 1 particles that could be loaded into it was 740 mg, whereas devices 1 and 2 could only hold 75 mg. Table S2 shows the estimated total surface area of the particles and the number of particles that can be loaded into the devices. The term surface area refers only to the exterior surface area of the particle and does not consider internal pores. It is known that sol−gel glasses can be highly porous. 24 The diode laser was connected by attaching the fiber SMA fitting to the device. The divergence angle of the red light exiting the fiber was not matched to the membrane area. The opposite, open end was sealed with the porous membrane. A hole was drilled into the cavity and a brass tube, 1/16 in. o.d., was soldered in place to introduce the oxygen feed gas supply between the laser and the sensitizer.
Devices were fabricated with membranes of different pore sizes and thicknesses (Millipore). The membranes were manufactured from ultrahigh molecular weight polyethylene (UHMWPE) and are composed of fibrils linked together to form a membrane of interpenetrating pores with a nominal pore area of 85% for each membrane. UHMWPE is biocompatible and used extensively for medical implants. The membranes were adhesively bonded to the bottom surface of the receptacle using a 3 M pressure sensitive tape coated on both surfaces with a high bond strength adhesive. The pressure sensitive tape was die cut to form a ∼5 mm hole to allow the sensitizer to sit directly onto the membrane.
To ensure that liquid does not penetrate the membrane and interact with the sensitizer, the membranes were selected such that the capillary pressure was sufficiently high to exclude water. The capillary pressure was calculated from the Young−Laplace equation:
where p c is the capillary pressure, γ is the liquid surface tension, θ is the contact angle between the liquid and the membrane material, and r is the pore radius. For water and UHMWPE, the values of γ and θ are 72 dyn/cm and 105°, respectively. Thus, the capillary pressure will be inversely proportional to the pore radius; the larger the radius, the lower the pressure. Supporting Information Table S1 shows that decreasing the diameter of the pores in the membrane increased the capillary pressure and so keeps water from infiltrating the membrane at higher pressures. For example, the capillary pressure of a 0.44 μm pore is 12 psi, whereas the capillary pressure of a 0.05 μm pore is 108 psi. Thus, the device with a 0.44 μm pore membrane could be submerged to a depth of ∼8 m of water before water ingress could occur, whereas the 0.05 μm pore membrane would prevent ingress at depths over 75 m of water. In our experiments, no leaching of sensitizer was observed with any device, regardless of membrane pore size (see Experimental Section).
For the membranes studied, the capillary pressure values range from 75 × 10 4 to 8.5 × 10 4 Pa (108−12 psi, as noted above). Thinner membranes with smaller pore diameters are also advantageous as the reduced thickness shortens the path over which 1 O 2 must diffuse before contacting water or being detected. However, the thinner membranes are somewhat fragile and may create a greater pressure drop for gas flow. Thicker membranes with larger pores are more robust.
Device Operation. The effect of membrane pore size and of sensitizer particle loading on the size of bubbles exiting the devices is shown in Table 1 . The Pc particles tended to pool in the center of the membrane where it bulged from the O 2 pressure. Individual bubbles ranged in diameter from 2 to 10 mm, where their sizes decreased with smaller membrane pores, in the order 0.05 μm < 0.22 μm < 0.44 μm. Higher loadings of sensitizer particles in the devices also led to smaller bubbles. Table 2 shows the volume and number of bubbles transmitted per experiment. Bubbles were mostly cylindrical and monodisperse, although some bubble clustering occurred, the bubble coalescence behavior at the membrane/water interface was not scrutinized. The 0.091, 0.14, and 0.46 mL bubbles that emerged from devices 1, 2, and 3, respectively, provided agitation to the solution (Figure 2) .
With the diode laser turned off, no apparent cooling of the aqueous solution occurred from the devices sparging O 2 at a The experiments were carried out flowing O 2 at a rate of 60 mL/min with a regulator pressure of 35 psi and a ∼2 mm height of water above the membrane.
c The output of the diode laser (669 nm, 506 mW) was coupled to the fiber optic, where 383 mW laser light exited the fiber optic and entered the top portion of the devices at the fiber optic/SMA junction. rate of 60 mL/min. In contrast, with the diode laser turned on, the solution temperature increased from 22 to 28°C. We measured only a very small light output through the membrane (0.006−0.010 mW when loaded with sensitizer and 2.0− 5.0 mW with no sensitizer) and so we estimated that most of the light (∼380 mW) was absorbed by the sensitizer particles and walls of the device, which subsequently transferred the heat to the solution in which it was immersed. There was some variability of light absorption in the devices, resulting from the different chamber sizes. Oxygen solubility is reported to decrease from 7.9 ppm O 2 at 25°C to 7.2 ppm O 2 at 30°C and its mass transfer coefficient increases. Table 3 was the result of shorter reaction times. Irradiation of 2−5 in the absence of sensitizer particles produced no products with all devices (cf. entry 1, 8, and 15).
As shown in Table 3 , higher photooxidation yields were observed from smaller bubbles. We attributed this to the enhanced contact between trap molecule and 1 O 2 due to higher surface-to-volume ratios resulting from smaller bubbles. Irradiation of 2 (1.0 mM) for 2.5 h led to 0.99, 0.42, and 0 μmol of endoperoxide 6 with devices 1, 2, and 3, respectively, each loaded with 35 mg of Pc 1 particles where bubble diameters were 2.8, 3.2, and 4.8 mm, respectively, as shown in Table 3 .
Higher loadings of sensitizer particles also led to increased formation of products 6−9 likely due to an increase in exposed sensitizer surface area within the reactor chamber. In the case of 75 mg particle loading, the reaction yielded 1.38, 0.78, and 0.96 μmol of endoperoxide 6. For all devices, a minimum quantity of sensitizer was required before photooxidized products could be detected; for devices 1 and 2, greater than 10 mg of sensitizer particles was required, for device 3, 35 mg was required.
Regarding the photoreactor design, it is important to note that melting of the sensitizer occurred when the laser-head was in close proximity to the particles. Since the melting point of Pc 1 is 65°C, the temperature of the sensitizer was >25°C. Thus, it was advantageous to use reduced loadings (e.g., 35 mg loadings) to increase the distance between the laser-head and the sensitizer particles to prevent excess heating of the sensitizer. On the other hand, the reduced product yields, compared to 75 mg loadings, was a disadvantage (Table 3) .
Mechanism of Singlet Oxygen Mass Transfer. a All samples were illuminated at 669 nm (fluence = 4128 J/cm 2 ) under an O 2 flow rate of 60 mL/min for 2.5 h at 28°C. Over the course of each experiment 9 L of O 2 was consumed.
b The concentrations of 3-hydroperoxy-2-methylene pentanoate anion 7, N-benzoy-D,L-methionine S-oxide 8, and N-acetyl-D,L-methionine S-oxide 9 were determined by 1 H NMR by the appearance of singlets at 2.71 ppm (s, 3H), at 5.56 ppm (s, 1H), and at 5.94 ppm (s, 1H), respectively. The concentration of endoperoxide 6 was estimated by UV−vis by the disappearance of the 9,10-anthracene dipropionate dianion 2 absorption at 378 nm.
c The starting concentration of 2 was 1 mM (0.003 mmol). We initially thought that oxygen would saturate this volume more quickly than 40 min, but the effect is likely due to the small bubbles generated from device 1. Evidence suggested that We believe that singlet oxygen continues to transfer into the bulk water even after saturation. The water may saturate with O 2 , but it is not static. O 2 would be vaporizing from the surface (at both the bulk liquid−air interface as well as liquid bubble interface), and new 1 O 2 and O 2 would dissolve to replace, but the rate will be lower than before saturation. There is ample precedent that when an O 2 equilibrium exists in the gas and liquid phases O 2 exchange still occurs, concentrations of O 2 are linearly related in both phases (Henry's Law), but there is no net change in O 2 concentration, which is driven by a concentration gradient (Fick's Law). 36 There is a large amount of literature on how gas in bubbles interacts with aqueous solutions. 37 However, the two stages of the reaction indicate that the movement of the probe molecules in solution (convection) was caused by the bubbles overcoming the threshold quantity of product yields imposed by equilibrium.
The sensitivity of the slope of product formation in D 2 O compared to H 2 O prior to or after O 2 saturation of the solution was consistent with the longer lifetime of 1 O 2 in the former.
35 Table 4 shows the ratio of endoperoxide 6 molecules formed to 3 O 2 molecules transmitted, which translates (roughly) to the number of oxidized molecules that arose from each sensitizer particle. A lower limit of the number of 1 O 2 molecules within the bubbles was ∼3 ppm for device 1, ∼2 ppm for device 2, and ≪1 ppm for device 3. Averaged over 2.5 h, the rate of 6 formation was ∼8 nmol/min for device 1, ∼4 nmol/min for device 2, and for device 3, no product was detected. The nanomole per minute rates we observe are about 100-fold less efficient than photooxidation batch reactors, 38−40 but for the batch reactors, the photosensitizer must be soluble in solution and then separated (e.g., via permeation chromatography). In contrast, our devices use a membrane, which effectively keeps the sensitizer dry and separated from the solution, and so there, is no concern with sensitizer removal after the reaction. Interest has surrounded the quenching of photosensitizers by O 2 at solution/solid and gas/solid interfaces 41−46 for clean external production of 1 Figure S8 , which has been recognized previously; 51 thus, the device appears to operate within gas−water mass transfer limitations.
■ CONCLUSION
We report on the fabrication and properties of a singlet oxygengenerating device, in which a solid Pc photosensitizer was isolated from an aqueous solution by using a porous membrane in a laser-coupled device. A sol−gel technique was used to synthesize the Pc photocatalyst within a glass matrix. Due to the high capillary pressure of the membrane, the sensitizer remains dry within the device as it is irradiated with laser light in the presence of an oxygen flow. Within the device, O 2 was sensitized by excited Pc sites in the particles. Singlet oxygen molecules were then transported across the membrane, forming bubbles at the membrane−water interface.
Not only do the smaller diameter pores in the membrane prevent water ingress at higher pressures, but the smaller pores also generate smaller bubbles and thus increase the device efficiency. Reaction rates between singlet oxygen and four probe compounds were measured and the rates were proportional to sensitizer particle loading and inversely proportional to the membrane pore diameter. Bubble diameter was correlated to pore diameter, and rates increased when smaller bubbles were observed. A mechanism is proposed whereby the oxidation of probe compounds is limited by transport of 1 O 2 across the bubble−liquid interface. Given that flow is held constant in all experiments, smaller bubble diameters result in larger oxygen− water interfacial areas. In addition, the reaction rate slows by a factor of ∼10 after the solution becomes saturated with O 2 . Oxygen saturation reduces the rate of 1 O 2 transport from the bubble into the solution.
Water purification and wound disinfection are our long-term goals, and the first step in this paper was to demonstrate 
